Infinite dilution activity coefficients (γ∞) were measured at 298 K for 12 different aliphatic hydrocarbons (alkanes, cycloalkanes, alkenes), 11 different aromatic compounds (benzene, alkylbenzenes, halobenzenes, naphthalene), and 2-chloro-2-methylpropane dissolved in 2-butoxyethanol at 298 K using a headspace gas chromatographic method. As part of the experimental study solubilities of 19 crystalline nonelectrolyte solutes (2-hydroxybenzoic acid, acetylsalicylic acid, 3,5-dinitro-2-methylbenzoic acid, acenaphthene, trans-stilbene, xanthene, phenothiazine, 3,5-dinitrobenzoic acid, 3-chlorobenzoic acid, 2-methylbenzoic acid, 4-chloro-3-nitrobenzoic acid, 2-chloro-5-nitrobenzoic acid, benzoic acid, 4-aminobenzoic acid, benzil, thioxanthen-9-one, 3-nitrobenzoic acid, fluoranthene, and diphenyl sulfone) were determined in 2-butoxyethanol at 298 K using a static, spectrophotometric method. The experimental values 2 were converted to gas-to-2-butoxyethanol, water-to-2-butoxyethanol partition coefficients, and molar solubility ratios using standard thermodynamic relationships. Abraham model correlations for solute transfer into 2-butoxyethanol were derived from the calculated partition coefficients and solubility ratios. The derived Abraham model describes the observed partition coefficient and solubility data to within 0.14 log units (or less).
Introduction
Organic solvents and ionic liquids are used extensively in analytical chemistry for twophase extractions and chemical separations based on both gas-liquid chromatography (glc) and high-performance liquid chromatography (hplc). Solvent selection is determined largely by the solvent's physical and chemical properties, and by the molecular interactions between the solvent and analyte molecule(s) present in the sample being analyzed. Differences in solvent-analyte interactions govern analyte transfer between the various phases present, and play an important role in determining solubilities, chemical selectivities, and recovery factors. For liquid-liquid extractions the organic solvent and/or ionic liquid must be partly miscible with the sample solvent media in order to establish a two-phase partitioning system. Trial-and-error methods were once used to select the most appropriate solvent for a given analytical application. Mathematical approaches based on empirical solution models, linear free energy relationships (LFERs), and quantitative structure-property relationships (QSPRs), however, have facilitated solvent selection in the modern chemical separation methods.
Lesellier [1] recently compared several commonly used approaches for selecting solvents for chemical separations based on the Snyder solvent selectivity triangle, the Kamlet-Taft solvatochromic solvent selectivity method, the Hansen solubility parameter model, the COSMO-RS model, and the Abraham solvation parameter model. For several of the comparisons the author likely utilized solute parameters/properties rather than solvent parameters/properties because the required information was not readily available. This was particularly true in the case of the Abraham model as solvent parameters (called process or solvent equation coefficients) had been determined for about 300 water/organic solvent, air/organic solvent, and totally organic solvents biphasic partitioning systems [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Abraham model solvent equation coefficients were not available for solvents such as acetic acid, pyridine, propionitrile, diethyl phthalate, limonene, α-pinene, α-terpineol, glycerol and 1,3-propanediol. Even when solvent parameters were available the author still elected to use solute descriptors. We also note that one of the listed solvents in the author's discussion was paracetamol, which is a drug molecule having a melting point temperature of about 442 K.
Our contributions in the area of solvent selection has been to characterize numerous organic solvents and ionic liquids in terms of their solubilizing abilities using both measured partition coefficient and solubility data. The model that we have been using in our studies has been the Abraham solvation parameter model [2, [21] [22] [23] [24] [25] [26] , which allows one to describe solute transfer between two condensed phases (a biphasic aqueous-organic or organic-organic system) or solute transfer to a condensed phase from the vapor phase. During the past five years we have published Abraham model correlations for 11 additional organic solvents (e.g., diisopropyl ether [27] , tributyl phosphate [28] , 2-hexadecene [29, 30] , 1,9-decadiene [29, 30] , sulfolane [31] , benzonitrile [32] , ethylbenzene [33] , o-xylene [34] , m-xylene [34] , p-xylene [34] , 2-ethoxyethanol [35] , and propylene glycol [36] ) and several ionic liquids [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , as well as updating our existing correlations for hexane [48] , heptane [48] , octane [48] , decane [48] , isooctane [49] , toluene [33] , tetrahydrofuran [50] , and 1,4-dioxane [50] .
In the present communication we are extending our considerations to include 2-butoxyethanol, which contains both an ether (R-O-R) and hydroxyl (R-OH) functional group. This is the third alkoxyalcohol that we have studied. 2-Methoxyethanol [51] and 2-ethoxyethanol [35] were studied previously. 2-Butoxyethanol is a technical solvent widely used to dissolve cleaning products, enamels, paints and surface coatings. It has weak surfactant properties, moderate polarity and the ability to be a hydrogen bond donor and/or acceptor. Both polar and apolar organic substances are well-soluble in it. Prediction of the solubility for various substances in this solvent may be interesting from the practical point of view.
Infinite dilution activity coefficients (γ∞) were measured at 298 K for 12 different aliphatic hydrocarbons (alkanes, cycloalkanes, alkenes), 11 different aromatic compounds (benzene, alkylbenzenes, halobenzenes, naphthalene), and 2-chloro-2-methylpropane dissolved in 2-butoxyethanol using a gas chromatographic headspace analysis method, and gas-to-liquid partition coefficients (K) were calculated using these results and saturated vapor pressures of solutes taken from literature. As part of this study solubilities were also measured for 2-hydroxybenzoic acid, acetylsalicylic acid, 3,5-dinitro-2-methylbenzoic acid, acenaphthene, fluoranthene, trans-stilbene, xanthene, phenothiazine, 3,5-dinitrobenzoic acid, 3-chlorobenzoic acid, 2-methylbenzoic acid, 4-chloro-3-nitrobenzoic acid, 2-chloro-5-nitrobenzoic acid, benzoic acid, 4-aminobenzoic acid, benzil, thioxanthen-9-one, 3-nitrobenzoic acid, and diphenyl sulfone dissolved in 2-butoxyethanol at 298.15 K. The measured partition coefficients and solubilities, combined with published gas solubility data for carbon dioxide [52] and hydrogen gas [53] , and our previously reported solubility data for anthracene [54] , pyrene [55] , benzoin [56] , 3,4-dichlorobenzoic acid [57] , 3,4-dimethoxybenzoic acid [58] , 3-methylbenzoic acid [59] , salicylamide [59] , 4-nitrobenzoic acid [59] , 2-methoxybenzoic acid [59] , 4-methoxybenzoic acid [59] , 4-chlorobenzoic acid [59] , biphenyl [59] and 4-hydroxyacetanilide [59] dissolved in 2-butoxyethanol, were used to derive Abraham model correlations for both water-to-2-butoxyethanol partition coefficients (as log P) and gas-to-2-butoxyethanol partition coefficients (as log K).
Experimental Methods

Gas Chromatographic Headspace Measurements
Measurements of activity coefficients at infinite dilution for a set of low polar volatile organic substances were made using headspace analysis technique. In a typical experiment, 5 ml of dilute solution of the studied compound in 2-butoxyethanol is placed into 22 ml glass vial, sealed and thermostated at 298 K. An autosampler takes samples of equilibrium vapor phase from the vials. These samples are transferred through a heated quartz glass line into the injector of a gas chromatograph. The area of a peak S corresponding to a solute is calculated. Such measurements are repeated at 3-4 different concentrations of a solute in the range 0.1-1.5 vol %. After that, 5 ml of pure solute is put into a vial, and the peak area Ssolute for the sample of its saturated vapor is determined. The whole experiment is repeated 2 times. The ratio of the areas of the peaks corresponding to a solution and a pure solute is equal to the ratio of the solute vapor pressure over this solution p to saturated vapor pressure:
In turn, the activity coefficient of a solute  is given by:
where x is the equilibrium molar fraction of this solute in the liquid phase. The values of o solute p were taken from literature [60] . To obtain the value of x taking into account partial evaporation of a solute, we subtracted the quantity of evaporated solute from the initial quantity of a solute in a vial x0 using a formula:
where solvent  is the number of moles of solvent in a vial and free V = 17 ml is a volume of the head space [61] . Since the considered solutes form no dimers or other associates and  is found to be virtually independent of x, it is concluded that at such concentrations     , where   is the limiting activity coefficient. Dimensionless gas-to-liquid partition coefficients K are calculated by the following equation:
where Vsolvent is the molar volume of 2-butoxyethanol. The Gibbs free energy of solvation is given by:
if the standard state is a hypothetical ideal solution at unit mole fraction and a gas at 1 bar fugacity.
Solubility Measurements
Acenaphthene (Aldrich, 98%), acetylsalicylic acid (Aldrich, 99%), 4-aminobenzoic acid 96 %), thioxanthen-9-one (Aldrich, 98%), and xanthene (Aldrich, 98%) were all purchased from commercial sources. Acenaphthene, benzil, fluoranthene, thioxanthen-9-one, xanthene and trans-stilbene were recrystallized several times from anhydrous methanol prior to use. The remaining 13 solutes were used as received. 2-Butoxyethanol (Acros Organics, 99%) was stored over molecular sieves and distilled shortly before use. Gas chromatographic analysis showed that the purity of 2-butoxyethanol was 99.8 mass percent.
Solubilities were determined using a static, spectrophotometric method. Aliquots of the staturated solutions were transferred into weighed volumetric flasks after the samples had equilibrated in a constant temperature water bath at 298.15 ± 0.05 for at least three days with periodic agitation. The transferred aliquot was weighed and diluted quantitatively with 2-propanol. Absorbances of the diluted solutions were recorded on a Milton Roy Spectronic 1000
Plus spectrophotometer. The concentration of each diluted solution was calculated from a BeerLambert law absorbance versus concentration curve generated from the measured absorbances of nine carefully prepared standard solutions of known solute concentration. The analysis wavelengths and concentration ranges used for each solute have been reported in our earlier publications [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . Molar concentrations were converted into mole fraction solubilities using the mass of the sample analyzed, molar masse of 2-butoxyethanol and the respective solutes, volume of the volumetric flasks, and any dilutions needed to get the measured absorbances on the Beer-Lambert law curve. To insure that there was no solvate formation we determined the melting point temperature of the equilibrated solid phases after the solubility measurements were performed. The equilibrated solid phases were removed, dried, and their melting point temperatures determined. For each crystalline solute studied, the melting point temperature of the equilibrated solid phase was within ± 0.5 K of the melting point temperature of the commercial sample or recrystallized solute prior to contact with 2-butoxyethanol.
Calculation Procedure
The Abraham model equation coefficients for all derived correlations were determined by regression analysis using the IBM SPSS Statistics Package, Version 22. The statistical information for each derived correlation equation was also provided by the statistical software package.
Theoretical background
The Abraham solvation parameter model is a linear free energy relationship that has been shown do provide a very good mathematical description of solute transfer between two condensed phases:
or solute transfer to a condensed phase from the vapor phase:
where P and K denote the respective partition coefficients. Equations 6 and 7 have also been used to describe the logarithm of molar solubility ratios, log (CS,organic/CS,water) and log (CS,organic/CS,gas), 
by including two additional terms, jp 
Results and Discussion
The measured infinite dilution activity coefficients, average values of log K and solv G  , are presented in Table 1 for 12 different aliphatic hydrocarbons, 11 different aromatic compounds, and 2-chloro-2-methylpropane, along with the standard uncertainty in the measured infinite dilution activity coefficient, u(   ). Reported in Table 2 are the mole fraction solubilities of the 19 crystalline nonelectrolyte solutes dissolved in 2-butoxyethanol that were measured as part of the present study. The numerical values tabulated in Table 2 represent the average of between four and eight independent experimental measurements. The reproducibility of the measured values was ± 1.5 % (relative error). To our knowledge, this is the first time that the solubilities of these solutes have been measured in 2-butoxyethanol. The dependent solute properties in Abraham model eqns. 6 and 7 are the logarithm of the water-to-organic solvent partition coefficient (log P), the logarithm of the gas-to-organic solvent partition coefficient (log K), and the two logarithms of the molar solubility ratios (log (CS,organic/CS,water) and log (CS,organic/CS,gas)). The published mole fraction solubility data [57] [58] [59] and mole fraction solubility data in Table 2 
The numerical values used for the molar volumes of the hypothetical subcooled liquid solutes were obtained by summing group values for the functional groups contained in the solute molecules.
The molar solubility ratios of (CS,organic/CS,water) and (CS,organic/CS,gas) are obtained by dividing the solute's molar solubility in 2-butoxyethanol by the solute's molar solubility in water, CS,water, and by the solute's gas phase molar concentration, CS,gas. Numerical values of CS,water and CS,gas are available in our earlier publications [56-58, 68-75, 79, 81-85] for all of the crystalline solutes considered in the current study. The measured log K data given in Table 1 are converted log P values using log P = log K -log Kw. The calculation of log P requires knowledge of the solute's gas phase partition coefficient into water, Kw, which is available for all of the liquid organic values are tabulated in the eighth and ninth columns of Table 3 , respectively. Also given in Table   3 are the molecular solute descriptors for the 59 solutes that will be used in deriving the Abraham model correlations. The descriptors are of experimental origin and were obtained from measured water-to-organic solvent partitions, gas-to-organic solvent partitions, molar solubility ratios and chromatographic retention factor data as described in several earlier publications [2, 22, 25, [68] [69] [70] [71] [72] [73] [74] [75] . The experimental log (K or CS,organic/CS,gas) values in the eighth column of Table 3 give a set of 59 Abraham model equations containing six process coefficients (ck, ek, sk, ak, bk and lk), and the experimental log (P or CS,organic/CS,water) values in the ninth column of Table 4 give a second set of 59 Abraham model equations containing six process coefficients (cp, ep, sp, ap, bp, vp). Each set of 59 equations was solved simultaneously for the optimal set of processes coefficients that best describes the respective experimental log (K or CS,organic/CS,gas) and log (P or CS,organic/CS,water)
data. Regression analysis of the experimental data in Table 3 Similar solubilizing properties of the three alkoxyalcohol solvents can also be seen in the equation coefficients for the log K correlations, which for 2-methoxyethanol and 2-ethoxyethanol are given by eqns. 14 and 15, respectively. 
An arithmetic average of the equation coefficients for ethyl acetate and butyl acetate provided a fairly reasonable estimate of the solubility behavior of 3,4-dichlorobenzoic acid in propyl acetate [57] .
Conclusion
Mathematical expressions have been derived for predicting the solubility and partitioning behavior of neutral, nonelectrolyte solutions into 2-butoxyethanol based on the Abraham solvation parameter model. The derived mathematical expressions are expected to predict the solute transfer properties to 2-butoxyethanol (log P, log K, log (CS,organic/CS,water), and log (CS,organic/CS,gas)) for additional solutes to within 0.14 log units, provided that the numerical values of the solute descriptors fall within the range of values used in obtaining the predictive expressions.
Comparison of the derived log K correlations for 2-butoxyethanol to correlations derived previously for 2-methoxyethanol and 2-ethoxyethanol indicates that the solubilizing properties of the three 2-alkoxyethanol solvents are very similar. 
